The NK cell-activating receptor NKG2D interacts with three different cellular ligands, all of which are regulated by mouse cytomegalovirus (MCMV). We set out to define the viral gene product regulating murine UL16-binding protein-like transcript (MULT)-1, a newly described NKG2D ligand. We show that MCMV infection strongly induces MULT-1 gene expression, but surface expression of this glycoprotein is nevertheless completely abolished by the virus. Screening a panel of MCMV deletion mutants defined the gene m145 as the viral regulator of MULT-1. The MCMV m145-encoded glycoprotein turned out to be necessary and sufficient to regulate MULT-1 by preventing plasma membrane residence of MULT-1. The importance of MULT-1 in NK cell regulation in vivo was confirmed by the attenuating effect of the m145 deletion that was lifted after NK cell depletion. Our findings underline the significance of escaping MULT-1/NKG2D signaling for viral survival and maintenance.
Mouse CMV (MCMV) shares many features with human CMV (HCMV) and serves as a model to study the immunobiology of CMV infections. Both innate and acquired immunity are important for host control of CMV (1, 2) . In spite of this, CMV can establish life-long persistence characterized by alternate stages of latency and low-level virus productivity (3) . It is generally assumed that viral proteins that counteract the host immune system are essential to tune the virus-host balance. For example, to escape CD8 ϩ CTL control, three MCMV proteins efficiently down-regulate MHC class I expression (4) . However, the altered MHC class I expression should predispose infected cells to lysis by NK cells, as suggested by the "missing self" hypothesis (5) . In contrast, most laboratory mouse strains, as well as wild mice, fail to generate a significant NK cell response to MCMV (6) , with the exception of strains in which the MCMV m157 -encoded protein leads to NK cell activation (7) (8) (9) .
The NKG2D receptor binds ligands that are poorly expressed on normal cells, but are up-regulated on infected, transformed, or stressed cells (10) . These ligands are distantly related to MHC class I molecules. Known mouse NKG2D ligands comprised the retinoic acid early inducible (RAE)-1 family of proteins (11) , the minor histocompatibility antigen H60 (12, 13) , and the murine UL16-binding proteinlike transcript (MULT)-1 glycoprotein (14, 15) . NKG2D receptor triggering can override signals by MHC class I-specific inhibitory NK cell receptors (16, 17) . This suggests, along with the fact that NKG2D is expressed on CD8 ϩ H. Hengel's present address is Institute for Virology, Heinrich Heine University Duesseldorf, 40225 Duesseldorf, Germany. The online version of this article contains supplemental material.
T cells and ␥␦ T cells, a pivotal position of NKG2D in both innate and adaptive immunity (18) .
We have set out to define the viral modulators of NKG2D ligands. MCMV m152 /gp40 has a double role and not only modulates the plasma membrane expression of MHC class I molecules but also of NKG2D ligands, namely RAE-1 (19) (20) (21) . The protein encoded by MCMV m155 modulates the H60 ligand (22, 23) . Considering the fact that MCMV-infected cells show a complete absence of all NKG2D ligands on the plasma membrane, we concluded that MCMV genes must also be involved in the down-regulation of MULT-1. Here, we identify the responsible MCMV gene m145 and describe its effect upon MULT-1 expression and its role during NK cell defense in vivo.
RESULTS

Members of the MCMV m145 gene family down-modulate NKG2D ligands
MCMV encodes proteins responsible for the down-regulation of all mouse NKG2D ligands (19) . The m152 gene, re- 
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sponsible for the down-modulation of RAE-1 (20) and several other MCMV genes involved in the regulation of NK cell response, belongs to the m145 gene family (24) , which shares properties with MHC class I proteins (7) . Therefore, we postulated that other members of this gene family might be involved in the modulation of the expression of NKG2D ligands. To this aim, we assessed the expression of NKG2D ligands upon infection with several MCMV deletion mutants lacking genes of the m145 gene family (Fig. 1, A and B) . NIH/3T3 cells were stained with NKG2D tetramer 12 h after infection with the deletion mutant ⌬ 6 ( ⌬ m144 -m158 ) and three additional mutants that dissect the genes deleted in ⌬ 6 into three subgroups: ⌬ 6S1 ( ⌬ m144 -m148 ), ⌬ 6S2 ( ⌬ m149 -m153 ), and ⌬ 6S3 ( ⌬ m154 -m157 ). All the mutants, including the virus here referred to as WT MCMV, were constructed to express also GFP (25) , to permit the selective analysis of infected cells. Cells infected with WT MCMV lost membrane staining with NKG2D tetramer. The same was observed upon infection with a WT virus that does not express GFP (unpublished data). In contrast, cells infected with the deletion mutant ⌬ 6 displayed an expression level of NKG2D ligands on the cell surface comparable to that of uninfected control. The gene m152 is deleted in ⌬ 6, and reexpression of RAE-1 should contribute to restoration of NKG2D ligands after infection with this mutant. Therefore, we tested the effect of mutants that lack subsets of genes of the m145 family. The ⌬ 6S2 mutant also lacks m152 and revealed that the deletion of this genetic region only partially restores the NKG2D ligand expression. A similar phenotype was exhibited by mutant ⌬ 6S3 in which the H60 regulator m155 is deleted (22) . Because the mutant ⌬ 6S1 also partially lifted NKG2D expression, we expected another unknown regulator in this genetic region. The staining with anti-RAE-1 ␣ , ␤ , ␥ and anti-H60 mAbs upon infection with ⌬ 6S1 and single gene deletion mutant viruses lacking defined open reading frames (ORFs) from the genomic region m144-m148 revealed down-regulation of RAE-1 and H60 to an extent identical with WT MCMV-infected cells (Fig. 1 C) . We concluded that the target for the gene situated within this region must be a different NKG2D ligand, most likely MULT-1.
Characterization of an anti-MULT-1 mAb and selection of MULT-1-expressing cell lines
To focus on MULT-1, we generated a rat monoclonal antibody against the MULT-1 glycoprotein. The specificity of resulting antibodies was confirmed by the staining of cells infected with the recombinant vaccinia virus expressing HAtagged MULT-1 protein (MULT-1-VV). As shown in Fig.  2 A, CV-1 cells infected with MULT-1-VV showed a bright staining with anti-MULT-1 mAb, whereas cells infected with WT VV were negative. Staining of BALB/3T3 cells with mAbs against H60, RAE-1, and MULT-1 clearly demonstrated that these cells constitutively express H60 and RAE-1 but not MULT-1 on their surface, and ruled out the possibility that anti-MULT-1 mAb cross-reacts with any of the other two NKG2D ligands (Fig. 2 B) . In addition, immunoprecipitation of lysates of metabolically labeled cells, stably transfected with HA-tagged MULT-1 (MULT-1-3T3) using anti-MULT-1 antibody coupled to protein G-Sepharose, revealed the presence of an ‫ف‬ 53-kD band that shifts to a 43-kD-sized band upon EndoH digestion (Fig. 2  C) . A band of the same size was seen upon immunoprecipitation with anti-HA mAb, confirming the specificity of the anti-MULT-1 antibody (unpublished data).
Several cell lines that constitutively express MULT-1: SVEC4-10, B12, NIH/3T3, TpnT, IC21, and M2-10B4 were screened. Because SVEC4-10 cells expressed MULT-1 but neither RAE-1 ␣ , ␤ , ␥ nor H60 (unpublished data), these cells were used to narrow down the MCMV gene region involved in the regulation of MULT-1.
The m145 gene product modulates cell membrane expression of MULT-1 protein To assess which MCMV protein affects the surface expression of MULT-1, SVEC4-10 cells were infected with WT MCMV or specific deletion mutants and stained with the anti-MULT-1 mAb 12 h after infection. As suggested in Fig. 1 B and shown in Fig. 3 A, the ⌬ 6 mutant lacked the MULT-1 down-regulating function, whereas the ⌬ 6S2 or ⌬ 6S3 mutants still maintained it. Cells infected with the ⌬ 6S1 mutant lacking genes m144 -m148 preserved the membrane expression of MULT-1 at a level comparable to or even higher than that of uninfected cells, pointing to five candidate genes that may be responsible for the down-regulation of surface expressed MULT-1. A panel of single deletion mutant viruses was tested that where lacking individual genes within the genomic region deleted in ⌬ 6S1. Only the ⌬ m145 mutant turned out to be unable to down-regulate MULT-1 (Fig. 3 B) . The level of MULT-1 surface expression in ⌬ m145 mutant-infected cells was similar to that observed upon infection with the ⌬ 6 and the ⌬ 6S1 mutants. To assess whether the expression of MULT-1 is affected by viral genes involved in regulation of two other NKG2D ligands, the cells were infected with ⌬ m152 and ⌬ m155 viruses and stained for the expression of surface MULT-1 (Fig.  3 B) . The fact that both mutants caused a complete loss of membrane MULT-1 strongly argues against an additional involvement of m152 or m155 in the regulation of MULT-1 expression. The formal evidence that m145 expression is the crucial factor for down-modulation of surface MULT-1 came from the infection of cells with m145 revertant virus (m145Rev), which caused a down-modulation of MULT-1 comparable to that observed upon infection with WT virus (Fig. 3 B) . Similar results were obtained on B12 and NIH/ 3T3 cells (unpublished data). We concluded that the m145 gene is essential for abrogating the surface expression of MULT-1. Led by the previously described capability of the m152 gene to regulate surface disposition of both NKG2D ligands and MHC class I molecules (19), we tested this possibility for m145. However, cells infected with ⌬m145 mutant down-modulated MHC class I to the same extent as the cells infected with WT virus (Fig. S1 , available at http:// www.jem.org/cgi/content/full/jem.20041617/DC1). This finding is in line with previously published results suggesting that besides m04, m06, and m152, there is no additional MCMV gene affecting MHC class I surface expression (4) .
To assess whether the m145 protein requires the cooperation with other MCMV functions to down-modulate MULT-1, we coinfected CV-1 cells with MULT-1-VV and a recombinant vaccinia virus coding for the m145 protein (m145-VV). Coinfection with MULT-1-VV and WT VV served as a negative control. As shown in Fig. 3 C, the membrane expression of MULT-1 was significantly impaired upon coinfection with m145-VV, whereas WT VV had no effect. These results confirmed that m145 suffices for MULT-1 down-regulation.
MCMV induces MULT-1 expression
Cells can react to infection or stress by up-regulating the expression of ligands for the activating NK cell receptors (10) . We tested the expression of MULT-1 mRNA in SVEC4-10 cells infected with WT or ⌬m145 MCMV and found an ‫-01ف‬fold induction of MULT-1 mRNA expression in comparison with uninfected cells (Fig. 4 A) . Similar results were obtained on mouse embryonic fibroblasts (MEFs; unpublished data).
We tested whether the mRNA induction would also lead to up-regulation of membrane-associated MULT-1. To this end, SVEC4-10 cells (Fig. 4 B) or MEFs (not depicted) were infected with WT or ⌬m145 viruses and stained with (Fig. 4 B) . Confocal analysis of SVEC4-10 cells confirmed the flow cytometry data (Fig. 4 C) . Although WT MCMV infection caused a complete loss of surface MULT-1, the protein was clearly induced on the surface of the cells infected with the ⌬m145 virus. In contrast with surface staining, intracellular MULT-1 expression was equally induced in cells infected with WT and the ⌬m145 virus (Fig. 4 C) . Similar results were obtained in MEFs (unpublished data). Altogether, these results demonstrated that MCMV infection induces the expression of the MULT-1 protein, but a viral function prevents cell membrane expression.
Intracellular processing and transport of newly synthesized MULT-1
To study the effect of m145 on the fate of newly synthesized MULT-1, CV-1 cells were coinfected with MULT-1-VV and m145-VV. Coinfection of CV-1 cells with MULT-1-VV and an unrelated VV recombinant was performed as a negative control. Cells were metabolically labeled for 30 min, followed by chase periods of 1 and 6 h before immunoprecipitation of MULT-1 proteins was performed. Before separation on 10% SDS-PAGE, an aliquot of the precipitated material was subjected to EndoH digestion to determine the stage of maturation and intracellular transport of MULT-1. As shown in Fig. 5 , the bulk of newly synthesized MULT-1 protein remained in an EndoH-sensitive state during the pulse period and 1 h of chase, suggesting a slow exit of MULT-1 from the ER and cis-Golgi compartment. Within 6 h of chase, a majority of MULT-1 molecules acquired EndoH resistance, indicative for the transit through the medialGolgi compartment. Extended chase periods determined a half-life of MULT-1 of Ͼ16 h (unpublished data). Importantly, neither the glycosylation pattern, nor the rate of intracellular transport to EndoH-resistant forms nor the halflife of MULT-1 were affected by the m145 protein, even after 24 h of chase (unpublished data). Thus, the m145 glycoprotein alters the intracellular distribution of MULT-1 and its transport to the plasma membrane at a step after the passage through the ERGIC/cis-Golgi compartment. Because coinfection of CV-1 cells with MULT-1-VV and m145-VV resulted in an incomplete down-regulation of surface MULT-1, escaping MULT-1 molecules might have influenced the data obtained by immunoprecipitation. To exclude this possibility, endogenous MULT-1 was immunoprecipitated from MCMV-infected SVEC4-10 cells. The slow maturation pattern of endogenous MULT-1 was in agreement with the data obtained in MULT-1-VV-infected cells (Fig. S2 , available at http://www.jem.org/cgi/content/ full/jem.20041617/DC1). Importantly, there was no influence of m145 expression on MULT-1 maturation and stability in MCMV-infected cells. The presence of several differently glycosylated specific bands of endogenous MULT-1 might be a consequence of its slow exit from the ER/Golgi compartment. The infection conditions in the experiment allowed infection of the vast majority of cells (Ͼ95%) as confirmed by staining with anti-MCMV gp48 mAb in flow cytometry (unpublished data). Altogether, the results confirmed that m145 protein interferes with MULT-1 expression only beyond the ERGIC/cis-Golgi compartment.
m145 compromises virus control by NK cells in vivo
Provided that the data shown so far correctly reflect a major function of m145, the ⌬m145 mutant should be attenuated in vivo in an NK-dependent fashion. To assess this, BALB/c mice were infected with either WT MCMV, or ⌬m145, ⌬m146, ⌬m147/148 mutants or an m145 revertant virus (Fig. 6, A and B) . Note that each of these mutants is indistinguishable from WT MCMV with respect to virus growth in fibroblasts (unpublished data). Half of the mouse groups were treated with anti-asialo GM1 serum to determine the contribution of NK cells to virus control in vivo. Virus titers in organs were determined by plaque assay 4 d after infection. As seen in Fig. 6 (A and B) , the infection with ⌬m145 virus resulted in reduced virus titers as compared with WT and the other mutants, but the attenuation of the ⌬m145 mutant was found largely reversed after depletion of NK cells. These data confirmed our assumption that m145 has a relevant role in avoiding NK cell-mediated control of MCMV in vivo. Reconstitution of the m145 gene (m145Rev) resulted in virus resistance to NK cells and virus titers in tissues comparable with those found after WT MCMV infection (Fig. 6 B) . More specific evidence for the involvement of NKG2D receptor in NK cell-mediated control of ⌬m145 mutant was obtained by injection of blocking anti-NKG2D mAb into the groups of infected mice. Similar to depletion of NK cells by cytolytic antibodies, injection of blocking anti-NKG2D mAb that does not affect the size of NK cell populations (unpublished data) led to a significant increase of ⌬m145 virus titers (Fig. 6 C) , whereas the titer of m145 revertant virus was not affected. These data strongly support the interpretation that the interaction of MULT-1 with NKG2D is responsible for the NK cell-mediated control of ⌬m145 mutant virus. The ⌬m145 virus is also attenuated in BXD-8/Ty mice that possess the natural killer gene complex (NKC) from C57BL/6 mouse strain, but are susceptible to MCMV infection due to the mutation of Ly49h gene (references 26, 27 and 
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DISCUSSION
In this work, we describe the effects of MCMV infection on the expression of MULT-1, a recently described NKG2D ligand (14, 15) . Despite the fact that MCMV infection strongly induces MULT-1 expression, the MULT-1 glycoprotein is down-regulated by an MCMV function from the surface of infected cells. The viral protein responsible for the down-modulation of MULT-1 is encoded by the m145 gene. In contrast with cells infected with WT MCMV, the ⌬m145-infected cells retain and even up-regulate MULT-1 on their plasma membrane. Consequently, the virus mutant lacking the m145 gene displays NK cell-dependent attenuation in vivo.
NKG2D ligands show either a constitutively low level or a complete lack of expression in normal tissues (13, 28) . A tight regulation of cellular ligands for activating NK cell receptors may be essential for the prevention of autoaggressive NK cell activities. Inducibility by infection, as shown here for the MULT-1, points to their strong systemic role. To limit pathogen multiplication and dissemination at early stages of infection before activation of adaptive immunity, the host might alarm NK cells by up-regulating these ligands on the surface of infected cells.
Apparently, MCMV cannot avoid the induction of MULT-1 transcription in infected cells. However, to avoid the consequences of MULT-1 transcription, MCMV has developed a gene that encodes a protein that modulates the function of MULT-1. Rather than silencing the NKG2D receptor, evolution selected MCMV to control the signaling through the different ligands of NKG2D. This is why the MCMV genome harbors three individual genes to modulate the three known ligands of murine NKG2D. This evolutionary solution is probably very specific for large DNA viruses because only these viruses provide the genomic space to encompass multiple genes and gene families that seem to be selectively devoted to different aspects of virus host interaction because their absence has no effect on viral morphogenesis in cell culture.
Remarkably, the NK cell regulators of MCMV are comprised in the m145 gene family (Fig. 1 A) encoding glycoproteins that share some structural similarities with MHC class I proteins (7) . Two other MCMV genes are involved in the control of NKG2D ligands: m152, responsible for the down-modulation of RAE-1 (19, 20) , and m155, whose protein product regulates surface expression of H60 (22, 23) . Another member of this gene family interferes with the function of NK cells. The m157 protein is a ligand for the activating NK cell receptor Ly49H, responsible for the resistance of Cmv1 r mouse strains to MCMV (7, 8) . Deletion of the m157 gene results in higher virulence of the virus mutant in vivo (9) . Under selective in vivo pressure of Ly49H, MCMV tends to inactivate the m157 gene by mutation (29, 30) . In addition, MCMV homologue for MHC class I encoded by m144 gene inhibits NK function by serving as a ligand for an inhibitory NK cell receptor although the putative receptor remains elusive (31) .
The molecular mechanisms by which the NKG2D ligand regulators act are not yet clear. The first regulator found, the gp40 encoded by m152, was identified by us as a modulator of MHC class I expression (21) . Unlike certain MHC class I regulators of HCMV (32), the MCMV m152/gp40 does not act by retrograde translocation of the protein target from the ER into the cytosol and subsequent degradation by the cytosolic proteasome. Instead, the MHC class I protein binds antigenic peptides and matures to the stage of EndoH resistant glycoprotein modification, showing that the protein does not exit the ER in a retrograde fashion. Furthermore, the half-life of the target protein is not affected (21, 33) . Thus, the m152 misdirects the MHC class I molecule into a compartment with ERGIC/cis-Golgi properties. Further studies are required to understand whether NKG2D ligands affected by m152 and other MCMV regulators follow similar patterns.
According to our understanding, the species-specific herpesviruses have coevolved with their hosts. Therefore, the presence of multiple NKG2D ligands and ligand modulators may simply reflect mutations and duplications of host defense principles and the necessary reciprocal viral counterstrategies. Alternatively, different ligands may have in fact diverse roles in different tissues due to tissue-specific ligand expression patterns. Because research on MCMV is based on only two isolates, Smith and K181, which, in fact, for unknown reasons differ in virulence, it is unknown whether wild-type strains of MCMV differ with respect to number and function of NKG2D ligand modulators that might affect virus distribution patterns in tissues. The fact that MULT-1 has a stronger affinity for NKG2D binding than that of RAE-1 and H60 (15) , points to the relevance of MULT-1/NKG2D signaling as a target for the virus. Avoiding MULT-1/NKG2D signaling may be one of the first host checkpoints to be bypassed in the process of establishing MCMV infection.
NKG2D is an important costimulatory receptor for CD8 ϩ T cells (18) . The evasion function should also affect the triggering of virus-specific CTLs. Therefore, a virus lacking one or several NKG2D evasion genes should be more prone to activate CTLs. Thus, viral immunoevasins involved in the control of NKG2D ligands may not only contribute to the control of acute infection but also to viral immune surveillance during conditions of latent infection and reactivation episodes.
The results obtained in the MCMV system can be used to extrapolate the significance of HCMV-mediated downregulation of NKG2D ligands. It has been shown that HCMV-encoded UL16 protein prevents membrane expression of ULBP1 and 2 as well as MICB and reduces sensitivity of infected cells to NK cell lysis (34) (35) (36) . Although the precise mechanism by which UL16 down-regulates NKG2D ligands is still unknown, it seems that UL16 forms stable complexes with MICB in ER/cis-Golgi compartment of infected cells, thus preventing membrane expression of this NKG2D ligand (37, 38) . Because, together with this paper, already three MCMV genes have been identified that interfere with the expression of NKG2D ligands, it is likely that HCMV also encodes additional, yet unidentified proteins that target NKG2D ligands that are not affected by UL16.
MATERIALS AND METHODS
Cells. SVEC4-10 (endothelial cells derived from C3H/HeJ mouse strain, CRL-2181; American Type Culture Collection), CV-1 (fibroblasts derived from the kidney of a male adult African green monkey, CCL-70; American Type Culture Collection), B12 (subclone of an immortalized line of BALB/ c fibroblast; reference 19), BALB/3T3 (fibroblasts derived from BALB/c mouse strain, CCL-163; American Type Culture Collection), and NIH/ 3T3 (fibroblasts derived from NIH Swiss mouse, CRL-1658; American Type Culture Collection) cells were cultivated in DMEM supplemented with 10% FCS. MEFs prepared from BALB/c mice were cultivated in MEM supplemented with 3% FCS or alternatively in DMEM supplemented with 10% FCS.
To obtain cell transfectants, the HA-tagged MULT-1 ORF was cloned from a p7.5K131-based plasmid (39) into the SalI restriction site of pB45-Neo, provided by E.R. Podack (University of Miami School of Medicine, Miami, FL; reference 40). The plasmid was transfected into NIH/3T3 fibroblasts using SuperFect Transfection Reagent (QIAGEN), according to the manufacturer's instructions. MULT-1-transfected 3T3 cells (MULT-1-3T3) were selected and cultured in DMEM supplemented with 10% FCS and 500 g/ml G418 (GIBCO-BRL).
Production of anti-MULT-1 mAb 1D6. MULT-1 protein was generated by cloning the sequence of the extracellular domain (cDNA provided by W.M. Yokoyama, Washington University School of Medicine, St. Louis, MO) into a bacterial expression vector (pET3a; Novagen). Protein was expressed in inclusion bodies in BL21(DE3), subsequently purified, and in vitro refolded under identical conditions as described for the generation of soluble NKG2D (41) .
DA rats were primed and boosted in 2-wk interval by intradermal injections of 50 g MULT-1 protein diluted in PBS with addition of Freund's adjuvant (Sigma-Aldrich). Serum was screened after each injection by ELISA. 3 d preceding the fusion, animals were boosted i.p. with 50 g MULT-1 protein diluted in PBS. Splenocytes from the boosted rats were fused with Sp2/0 murine myeloma cells. The hybridomas were selected by growing in RPMI 1640 medium (GIBCO-BRL) supplemented with HAT medium (GIBCO-BRL) and 10% FCS. Supernatants of hybridomas were collected and screened against the MULT-1 protein by ELISA. Positive hybridomas were tested in FACS on SVEC4-10 cell line. The hybridomas positive in both assays were subcloned to clone density, and supernatants were collected.
Viruses. The BAC-derived strain MCMV-GFP (25) , here referred to as WT virus, is a derivative of the MCMV strain MW97.01 (42) , which has previously been shown as biologically equivalent to the MCMV Smith strain (VR-194 recently reaccessed as VR-1399; American Type Culture Collection). To generate the deletion mutants listed in Table I , a PCRbased mutagenesis procedure was applied as described previously (43) . In brief, a kanamycin resistance gene (kanR) was PCR amplified using primers containing 20-22 nucleotides (nt) at their 3Ј-ends specific for kanR and 50-60 nt at their 5Ј-ends homologous to the target region in the BAC-cloned genome. The PCR fragments were integrated into the BAC, thereby replacing the respective target gene. To construct a rescuant of the mutant strain MCMV-GFP⌬m145, the kanR cassette in the respective BAC was excised by FLP-mediated recombination as described previously (4), resulting in BAC pSM3fr⌬m145-K. A 4.7 kbp KpnI fragment (nt 203952-208669 of the MCMV genome [24] was subcloned into the shuttle vector pST76KSR). Using the resulting shuttle plasmid, the DNA sequence with the m145 gene was reintroduced into the BAC pSM3fr⌬m145-K by a twostep replacement procedure as described previously (42) . Recombinant MCMV BACs were characterized by restriction analysis and viruses were reconstituted by transfection of the MCMV-BACs into MEFs as described previously (4) . For preparation of virus stocks, MCMV recombinants were propagated on MEFs and purified. Titers of virus stocks were determined by standard plaque assay on MEFs. Tissue culture-grown virus preparations were used for mouse inoculations.
Production of recombinant vaccinia viruses.
For the generation of a recombinant vaccinia virus, the MULT-1 cDNA sequence (NCBI accession no. AK020784) was PCR amplified from pmX-IgMULT7 plasmid (obtained by courtesy of W.M. Yokoyama). Using forward primer 5Ј-CGC-CCAAGCTTGGGATGGAGCTGACTGCCAGT3` and reverse primer 5Ј-CGAGGTACCCGCGGGTCGACCCGTCACGCGTAATCTGGAA-CATCGTATGGGTATGGGATCCCATCAAT-3Ј the hemagglutinin (HA) epitope sequence was added COOH terminally. m145 DNA was PCR amplified from DNA of the MCMV Smith strain and COOH terminally flag-tagged using primers for 5Ј-CGAAGATCTTCCATGGAC-CGTCGGGTGGTC-3Ј and rev 5Ј-CGGAATTCCTCACTTGTCGTC-GTCGTCCTTGTAGTCCGCCTCTATCGTCTT-3Ј. The PCR products were cloned into 5Ј-HindIII and 3Ј-KpnI (MULT-1) or 5Ј-BglII and 3Ј-EcoRI (m145) restriction sites of plasmid p7.5K131 (39) . The constructs were used for generation of recombinant vaccinia viruses expressing MULT-1 (MULT-1-VV) or m145 (m145-VV) by homologous recombination with the vaccinia strain Copenhagen. Vaccinia recombinants were selected by infection of 143 tk Ϫ cells in the presence of 100 g/ml bromodeoxyuridine as described previously (44) . As a VV control virus an ICP47 expression vaccinia recombinant was used (45) .
Metabolic labeling of cells and immunoprecipitation.
Subconfluent layers of cells were labeled with [ 35 S]methionine (Amersham Biosciences) at a concentration of 500 Ci/ml at 37ЊC for 30 min and chased in the presence of 10 mM of nonlabeled methionine. After being washed with icecold PBS, cells were lysed in 1 ml of lysis buffer (140 mM NaCl, 5 mM MgCl 2 , 20 mM Tris, pH 7.6, 1 mM PMSF, 0.5 mM leupeptin, 1 M pepstatin A), containing 1% (vol/vol) IGEPAL (Sigma-Aldrich) for 20 min and centrifuged at 13,000 g for 30 min.
The lysates were incubated for 1 h at 4ЊC with 0.5 g of anti-HA (Sigma-Aldrich). Immunoprecipitation was performed as described previously (46, 47) . In brief, immune complexes were retrieved with protein A-Sepharose (Amersham Biosciences) (60 l of 1:1 buffer-Sepharose slurry, for 1 h at 4ЊC). The Sepharose beads were washed three times with (0.2% [vol/vol] IGEPAL, 10 mM Tris-HCl, pH 7.6, 140 mM NaCl, 2 mM EDTA), twice with (0.2% [vol/vol] IGEPAL, 10 mM Tris-HCl, pH 7.6, 500 mM NaCl, 2 mM EDTA), and once with (10 mM Tris-HCl, pH 7.6) washing buffers. The immune complexes bound to Sepharose beads were resuspended in 50 mM phosphate buffer, pH 5.5, containing 0.02% (wt/ vol) SDS, 0.1% (vol/vol) IGEPAL, 0.2 mM PMSF, and 0.1 M 2-mercaptoethanol. Sepharose-bound immune complexes were mock treated or incubated with 2 mU of Endoglycosidase H (EndoH; Roche Diagnostics) at Depletion of NK cell subsets in vivo. The depletion of NK cells was performed by i.p. injection of rabbit antibodies to asialo GM-1 (Wako Chemicals) at the dose of 25 l, 6 h before infection. The efficacy of depletion was assessed by cytofluorometric analysis of spleen cells using biotinlabeled anti-mouse pan-NK cells mAb DX5 (BD Biosciences). The NKG2D was blocked by i.p. injection of blocking anti-NKG2D mAb (R&D Systems) at the dose of 100 g/mouse, 12 h before infection.
Online supplemental material. Lack of influence of m145 gene on MHC class I expression is depicted in Fig. S1 . The finding that MCMV infection does not alter maturation pattern of MULT-1 molecule before its passing through ERGIC/cis-Golgi compartment is shown in Fig. S2 . In  Fig. S3 , the attenuation of ⌬m145 virus in BXD-8/Ty mice is presented. Online supplemental material is available at http://www.jem.org/cgi/ content/full/jem.20041617/DC1.
